Metabolic syndrome is defined as a set of coexisting metabolic disorders that increase an individual's likelihood of developing type 2 diabetes, cardiovascular disease and stroke. Medicinal plants, some of which have been used for thousands of years, serve as an excellent source of bioactive compounds for the treatment of metabolic syndrome because they contain a wide range of phytochemicals with diverse metabolic effects. In order for botanicals to be effectively used against metabolic syndrome, however, botanical preparations must be characterized and standardized through the identification of their active compounds and respective modes of action, followed by validation in controlled clinical trials with clearly defined endpoints. This review assesses examples of commonly known and partially characterized botanicals to describe specific considerations for the phytochemical, preclinical and clinical characterization of botanicals associated with metabolic syndrome.
Introduction
Metabolic syndrome is defined as a cluster of conditions or metabolic disorders, including hypertension, hyperglycemia/insulin resistance, excess abdominal fat and dyslipidemia, coexisting in an individual and leading to an increased risk of type 2 diabetes, cardiovascular disease and stroke [1, 2] . Metabolic syndrome is of substantial concern, as the incidences of both type 2 diabetes and cardiovascular disorders have reached epidemic proportions worldwide. Unlike acute diseases, such as those caused by pathogens, metabolic syndrome is a complex, progressive disorder that can develop over many years and can vary between individuals both in terms of its extent and characteristics. Botanicals may serve as effective agents for the treatment or prevention of metabolic syndrome because they often contain diverse collections of biologically active compounds ( Figure 1 ) with multiple mechanisms of action that may potentiate each other's activity or have a synergistic effect, providing greater benefit than a single chemical entity. Thus, it is possible that the complexity of the disease may be addressed with a treatment or prophylactic strategy involving these complex compounds. More than 1200 different plants have been reported in the treatment of diabetes, many of which may also target other risk factors associated with metabolic syndrome, including hypertension and hypercholesterolemia [3] . The significant role that plant-derived therapeutics have played in both traditional and modern healthcare systems is strikingly evident in that medicinal plant preparations have been used for thousands of years, and can be traced as the source compounds in more than 25% of currently marketed pharmaceutical products [4, 5] .
Despite the widespread use of putatively antidiabetic, antihypertensive and cholesterol-lowering botanical supplements, few botanicals have been evaluated effectively in appropriately controlled clinical trials using well-characterized agents. This review highlights the challenges associated with characterizing herbal products, focusing on botanicals that have commonly been associated with the treatment of metabolic syndrome (Table 1) . These challenges include the consistency of the source material and the need for standardized preparations, as well as the identification of active components and mechanisms of action. In addition to these concerns, the complex and progressive aspects of metabolic syndrome create challenges for the design of trials, as patients often receive prescription drug treatment simultaneously with the test agent that may interfere with the analysis of the data obtained.
Cinnamon: Cinnamomum cassia (L.) D. Don and Cinnamomum verum J. Presl (Lauraceae) Cinnamon has been used historically for the treatment of diabetes, and many cinnamon products are available as dietary supplements for the maintenance of blood glucose levels. Polyphenol type-A polymers (Figure 1a ), Plant-derived therapeutics for the treatment of metabolic syndrome Brittany L Graf 1 , Ilya Raskin 1 , William T Cefalu 2 & David M Ribnicky 1 * considered to be the active components of cinnamon, have demonstrated insulin mimetic activity in vitro [6] . Cinnamon extracts also improved insulin signaling in murine models of diabetes [7] . Six clinical trials have been completed using cinnamon; however, the results have not been entirely consistent, probably as a result of the differences in selection criteria (ie, the severity of type 2 diabetes), patient population (numbers ranging from 23 to 79), cinnamon source (varying species from various geographic locations used), dose (1.5 to 6 g/day)and selected clinical endpoints (ie, fasting blood glucose, HbA1c or blood lipid levels) [8] . (a) Polyphenol type-A polymer (cinnamon), which consists of terminal-(T), midde-(M) and base-(B) units; (b) 2',4'-dihydroxy-4methoxydihydrochalcone (Russian tarragon); (c) cucurbitane (bitter melon); (d) trigonelline (fenugreek); (e) malvidin-3-glucoside (lowbush blueberry); (f) trimeric procyanidin (grape seed); (g) hyperoside (hawthorn); (h) P57-AS3 pregnane glycoside (Hoodia).
For example, although HbA1c levels are reliable in the evaluation of long-term blood glucose control, the levels change slowly, thus requiring treatment periods of longer than 30 days for effects to be observed. In a randomized, uncontrolled trial of patients (n = 109) with diabetes who were on a diet and exercise regimen, treatment with cinnamon (1 g) for 90 days lowered HbA1c levels in the test group (0.83%) relative to the control group (0.37%) [9] . The decrease observed was small but statistically significant and, therefore, medically significant, as even small decreases in HbA1c are associated with significant reductions in diabetes comorbidities. In another uncontrolled trial in a Pakistani population with type 2 diabetes, significant reductions in both blood glucose and LDL cholesterol levels were observed in patients treated with 1 to 6 g of cinnamon daily for 40 days [10, 11] ; however, trials conducted under similar treatment conditions in a US population of adolescents with type 1 diabetes and in patients with mild type 2 diabetes identified no effect of cinnamon on blood glucose parameters [12, 13] . It is probable that patient population characteristics, such as genetics, diet, age and disease severity, played a major role in the contradictory outcomes observed in these trials.
Cinnamon has demonstrated positive effects on other markers of metabolic syndrome in addition to blood glucose. The antihypertensive action of cinnamon extract was successfully demonstrated in both spontaneously hypertensive rats [14] and patients with metabolic syndrome (22 men and women treated with a 500-mg extract daily for 12 weeks) [15] . Moreover, triglyceridelowering effects with cinnamon were observed in Wistar rats fed a high-fructose diet [16] and in some clinical trials. For example, in the trial in Pakistani patients with type 2 diabetes, as outlined in the previous paragraph, serum triglycerides, LDL-cholesterol and total cholesterol were all significantly lowered [10], although these effects were not corroborated by results from a trial conducted in a less severely diabetic European population administered a comparable dose of cinnamon [17] . Studies in murine and human muscle cell cultures demonstrated that the antidiabetic effects of Russian tarragon extract are mediated through the insulin signaling pathway, which becomes disrupted as a result of insulin resistance [22] . Insulin resistance, the central pathophysiological feature of metabolic syndrome, is itself a complex metabolic disorder, but it can be measured directly using the hyperinsulinemic euglycemic clamp in both animals and humans. The clamp technique is a metabolic procedure whereby the individual/animal receives a steady-state intravenous insulin infusion, as well as an intravenous glucose infusion, which is gradually increased until a normal blood glucose level is maintained and, thus, the maximum rate of glucose assimilation is achieved. Low levels of glucose infusion needed for euglycemia signify high insulin resistance. Although other methods are available to evaluate insulin resistance, such as the use of oral glucose tolerance tests or intravenous tolerance tests, the clamp is considered to be the gold standard because measurement is direct and does not rely on mathematical models.
A pilot trial was conducted to evaluate the clinical effect of Russian tarragon extract (6 g/day) on insulin chromatography-mass spectrometry (LC-MS) demonstrated significant increases in the Russian tarragon-treated group relative to baseline. At the conclusion of the trial, insulin sensitivity was increased in the Russian tarragon-treated individuals when compared with baseline values, while no change was noted between the placebo group and baseline. In addition, no change in body weight or body fat composition was observed between treatment groups. This trial provided the first evidence that specific bioactive compounds from a botanical extract of Russian tarragon with notable in vitro effects can be identified in the plasma of individuals responding to treatment with the extract [24] .
Further preclinical and clinical research using precise techniques, such as the hyperinsulinemic euglycemic clamp, is required to determine if the whole body effect of the Russian tarragon extract on glucose metabolism is directed at the muscle level or toward other parameters such as hepatic glucose production. In either case, an improvement in muscle sensitivity or a reduction in glucose output from the liver will ultimately result in lower blood glucose levels. Rigorous toxicological studies using Russian tarragon extract have demonstrated that it has no toxic effects and does not induce hypoglycemia in non-diabetic animals [25] . Russian tarragon extract is, therefore, safe and well characterized, with clearly identified bioactive components and potential mechanisms of action, as well as positive clinical activity and some pharmacokinetic data. Based on these data, further development of the extract is warranted for use as an insulin sensitizer and a botanical therapeutic for the treatment and prevention of metabolic syndrome.
Bitter melon: Momordica charantia L. (Cucurbitaceae)
Bitter melon is a popular plant of Asian origin that has been used to treat diabetes-related conditions and has been evaluated in several clinical trials (for a review, see reference [26] ). The results of trials with bitter melon are inconsistent, with approximately half displaying positive effects. These inconsistencies are likely a result of deficiencies in trial design, low statistical powering, insufficient clinical endpoints (ie, non-fasting blood glucose measurements), and variations in the botanical preparations tested. The largest trial with bitter melon was conducted in patients (n = 100) with type 2 diabetes who had comparable baseline criteria and who underwent a 3-day wash-out period of oral medications [27] . The patients fasted overnight prior to consuming a drink of freshly prepared bitter melon fruit. A mean reduction of 18% in both fasting and subsequent post-prandial blood glucose levels was observed [27] . Despite certain design flaws (ie, single treatment), the data were statistically significant, perhaps as a result of the large population size and/or the use of fresh juice, which may have resulted in a greater effect than other preparations.
One of the most significant variables in the different clinical trials with bitter melon is the preparation of the test material, which has included fresh fruit juice, fresh whole fruit, dried whole fruit, dried seedless fruit, seeds, aqueous extract, methanolic extract or tablets [26, 28, 29] . Such variation could have a profound effect on the phytochemical content of the preparation, as well as the bioavailability of active compounds therein. Bitter melon fruit is reported to contain a collection of cucurbitane-type triterpenoids (Figure 1c ), steroidal saponins called charantins, insulin-like peptides and alkaloids, all of which are associated with hypoglycemic activity [26] .
In addition to blood glucose regulation, data from multiple animal models have demonstrated the positive effects of bitter melon in the treatment of various diabetes complications, including nephropathy [30], neuropathy and enteropathy [31], insulin resistance and cataract development [32] , while positive effects on other markers of metabolic syndrome, including reduced LDL-cholesterol and triglyceride levels, have also been demonstrated in rat models [33] [34] [35] [36] [37] .
Fenugreek: Trigonella foenum-graecum L.
(Fabaceae)
Fenugreek is a leguminous herb commonly cultivated in India and Northern Africa, and its seeds are used worldwide as a cooking ingredient and a spice. Fenugreek seeds contain high amounts of protein and fiber and have well-documented hypoglycemic and hypocholesterolemic effects in animals (mice, rats, rabbits and dogs) and humans [38] . The hypoglycemic effects of fenugreek seeds are attributed to their high neutral and soluble fiber content, which slows gastric emptying, thus decreasing post-prandial blood glucose levels. The seeds also contain other gastrointestinally active compounds, such as the alkaloid trigonelline (Figure 1d ), which potentially reduces glycosuria, and steroidal saponins, which may contribute to delayed gastric emptying [38] .
Despite many studies assessing the effect of fenugreek in both animals and humans, the results obtained have been inconsistent, potentially as a result of differences in the study design, choice of experimental endpoints and method of presentation of the test substance (ie, in food or by gavage). In a clinical trial, food formulated to contain 10% fenugreek seed powder improved glucose tolerance by > 20% in both diabetic and non-diabetic patients (total n = 6) after 2 weeks [39] . In another trial, patients (n = 24) with diabetes were treated with hot-water-soaked fenugreek seeds (10g/day) for 8 weeks, resulting in reductions in fasting blood glucose, triglycerides and VLDL-cholesterol (by 25, 30 and 31%, respectively) [40] . Unlike most of the botanicals discussed in this review, fenugreek was generally effective only when administered in large doses (10 to 20 g/day), because of its direct effect on digestive processes (ie, delayed gastric emptying). Less direct effects of fenugreek may include stimulation of digestive enzymes, such as chymotrypsin, and pancreatic activity [38] .
Lowbush blueberry: Vaccinium angustifolium Aiton (Ericaceae)
Lowbush blueberries are rich in polyphenols, which have a high antioxidant capacity, exceeding that of vitamin C or E by 4-to 5-fold [41] , and are beneficial in a variety of medical conditions. Preparations from blueberry leaves lowered blood glucose levels in animal models (including depancreatized dogs), as well as in humans [42] . One of the compounds believed to be responsible for the hypoglycemic activity of blueberries in humans is myrtillin (delphinidin-3-O-glucoside), an anthocyanin, or red pigment, present in larger quantities in the berry than in the leaf. In 2009, an anthocyanin-enriched preparation from blueberries was demonstrated to have a significant hypoglycemic effect in diabetic rodents, lowering blood glucose by as much as 51% relative to the control group, when formulated with a bioenhancing agent [43] . In this study, the most abundant anthocyanin, malvidin-3-O-glucoside (Figure 1e) , had a hypoglycemic effect when tested alone, whereas myrtillin was less effective [43] .
Blueberry extracts have significantly different effects, depending on the formulation, that are likely to be related to their pharmacokinetic and, thus, bioavailability properties. Blueberry juice decreased hyperglycemia and attenuated adiponectin secretion in genetically diabetic mice when mixed with drinking water, but only when biotransformed using the Serratia vaccinii bacterium [44] . In addition, blueberry anthocyanin preparations administered with drinking water exhibited anti-obesogenic activity in dietary-induced obese mice, but the effect was not observed with berry preparations formulated within mouse food [45] . These results confirm that bioavailability is an important consideration for the administration of any botanical.
In addition to their antiglycemic and anti-obesogenic effects, blueberries have also been investigated for their hypotensive potential. Salt-sensitive, spontaneously hypertensive stroke-prone rats (SHRSP) were fed a diet enriched with 3% blueberry powder for 8 weeks [46] . Blood pressure was significantly reduced at weeks 4 and 6 in the blueberry-treated group compared with the control group (by 19 and 30%, respectively) [46] . Blueberry extracts have been observed to increase vasodilation consistently in rat models through an endothelium-mediated pathway involving nitric oxide (NO) metabolism and the production/activity of COX-derived products [47, 48] . The clinical efficacy of blueberries as botanical extracts or functional food has also not been investigated extensively. Mixed berries were evaluated for their cardioprotective effects in a randomized, single-blind, placebo-controlled, intervention clinical trial lasting 8 weeks, in which middle-aged volunteers taking no medications consumed two portions of berries per day [51] . Daily portions consisted of 100 g of whole bilberries and the nectar of 50 g of crushed lingonberries every other day, with a puree of 100 g of blackcurrants or strawberries and 0.7 dl of chokeberry or raspberry juice on alternating days. Relative to the control group, moderate berry consumption decreased systolic blood pressure (SBP) only slightly (-1.5 mmHg); however, a significant inhibition of platelet activation (11%), and an increase in serum HDL-cholesterol concentration (5.2%) were observed in the group consuming the berries [51] . The rich polyphenol composition of blueberries relative to the berries used in this trial, combined with the in vivo and in vitro effects of blueberries, suggest that rigorous future clinical investigations using blueberry preparations are warranted.
Grape seed: Vitis vinifera L. (Vitaceae)
Grape seed extract (GSE) is a rich botanical source of polyphenols (approximately 90% of which are procyanidins and 7% other polyphenol compounds) [52] , and has become popular for the treatment and prevention of heart disease and other disorders. In vivo, the hypotensive effects of GSE were demonstrated in spontaneously hypertensive rats fed a 0.5% GSE-supplemented diet with basal (0.6%) or high (8.0%) NaCl, leading to a reduction in mean arterial pressure of 10 and 26 mmHg, respectively, compared with non-supplemented groups [52] .
In a 2009, in a clinical trial in patients (n = 9) with metabolic syndrome, two doses of standardized GSE (150 and 300 mg/day) caused equally significant hypotensive effects on SBP (-11 mmHg for both doses versus -2 mmHg for placebo) and diastolic blood pressure (DBP; -6 to -7 mmHg for GSE versus -4 mmHg for placebo) after 4 weeks of treatment [53] . However, as a result of the small sample size and the prehypertensive status of the participants (SBP = 120 to 139 mmHg) [54] , the hypotensive potential of GSE in patients with stage 1 or stage 2 hypertension remains unclear. Large trials in overtly hypertensive participants using GSE as an adjuvant therapy with pharmaceutical agents could be used to evaluate the hypotensive effects of GSE, but the results of combined therapy may not be relevant to the independent effects of GSE.
Several in vitro studies have demonstrated endotheliumdependent relaxation (EDR) as the primary mechanism of action for GSE [55] [56] [57] . Interestingly, through bioassay-guided fractionation of crude GSE using the rat aortic vasorelaxation model, increasing EDR activity was demonstrated to correlate with increased concentrations of procyanidin oligomerization [56, 57] . This finding suggests that highly polymerized polyphenols (Figure 1f ), although not studied extensively in other botanicals, may play a significant role in the hypotensive activities of GSEs [56, 57] .
GSEs also have therapeutic potential as LDL-cholesterol and triglyceride-lowering agents.
In Wistar rats, grape seed procyanidins were demonstrated to correct dyslipidemia associated with a high-fat diet by repressing hepatic genes that control lipogenesis and VLDL assembly [58] . Clinical evidence is needed to support the theory that GSEs can correct dyslipidemia in humans, but the overwhelming evidence that GSEs successfully targets several risk factors associated with metabolic syndrome merits additional research in this field.
Hawthorn: Crataegus laevigata (Poir.) DC., Crataegus monogyna Jacq., Crataegus curvisepala Lindm. (Crataegus oxyacantha L.) and Crataegus tanacetifolia (Lam.) Pers.
(Rosaceae)
The beneficial cardiovascular effects of hawthorn leaves, flowers and fruits, particularly in the treatment of cardiac failure, are recognized in both Eastern and Western medicine. In fact, hawthorn has been so successful in clinical trials associated with heart-related symptoms that leaf and flower extracts have been approved by the German Commission E for use in patients with stage II heart failure, as defined by the New York Heart Association [59] .
Data from a placebo-controlled, double-blind clinical trial in an Iranian population demonstrated that both SBP and DBP were significantly decreased among hypertensive women and men (n = 92) administered a hydroalcoholic extract of Crataegus curvisepala leaves and flowers three times daily for > 3 months [60] . Moreover, in a separate trial, hawthorn was demonstrated to be a safe and effective complementary therapy in patients with metabolic disorders who were taking other drugs. More specifically, mildly hypertensive patients with type 2 diabetes who were taking prescription glycemic, lipidemic and/or hypotensive drugs in addition to 1200 mg of hawthorn extract per day exhibited greater reductions in blood pressure compared with placebo (SBP: -2.6 and +0.5 mmHg, and DBP: -3.6 and -0.8 mmHg for the hawthorn-treated and placebo groups, respectively [61]).
Hawthorn preparations may lower blood pressure through several mechanisms, including endotheliummediated vasodilation through eNOS activation [62], ACE inhibition [63] and antioxidant activity [64] . Further research is required to define the chemical components responsible for the cardioprotective effects of hawthorn, although polyphenols, mainly flavonoids and procyanidins, are considered to have a key role. The isolated flavonoid hyperoside (100 mg/kg) (Figure 1g ) exhibited enhanced antihypertensive activity compared with crude aqueous leaf extract of Crataegus tanacetifolia when administered to l-NAME (Nω-nitro-l-arginine-methyl ester)-induced hypertensive rats by gavage in a 4-week study [65] . In a separate study, the procyanidin fraction of hawthorn extract caused endothelium-dependent relaxation in isolated rat aortas [66] .
Hawthorn extract exhibited positive effects on dyslipidemia by preventing the increase of triglycerides and LDL-and VLDL-cholesterol levels in hyperlipidemic rats [67] , as well as by preventing cholesterol accumulation in the livers of atherogenic rats by suppressing cholesterol biosynthesis and promoting cholesterol degradation [68] . The preclinical, clinical and phytochemical characterization of this plant's ability to reduce several metabolic risk factors, as well as the extensive use of hawthorn extracts in the treatment of cardiovascular disease, suggest that this extract would be an effective botanical therapeutic for metabolic syndrome.
Hoodia: Hoodia gordonii (Masson) Sweet ex Decne. (Apocynaceae)
Obesity is a key factor of metabolic syndrome and insulin resistance that can be addressed using a variety of approaches, often involving a reduction in caloric intake and/or an increase in energy expenditure. Diet and exercise alone, however, are often unsuccessful as a result of poor compliance. Hoodia is a botanical that was reported to have an anorexic effect in animal models, and is now widely marketed as an appetite-suppressant component in many diet products. A steroidal pregnane glycoside, P57-AS3 (Figure 1h ), was purified from Hoodia and validated as an anorectic compound, demonstrating that it may act centrally through hypothalamic modulation [69] . However, more than 30 pregnane glycosides have been identified as components of Hoodia extracts, each of which may play a role in the activity of this botanical [70] . Moreover, no published clinical evidence of the appetite-suppressing effects of Hoodia is available, raising concerns about its safety and effective dose range. In addition, major concerns have been raised regarding the adulteration of Hoodia products currently available on the market, as many products reported to contain Hoodia do not actually contain this botanical [71] . The anti-obesogenic activity of plant-derived therapeutics is valuable against the risk factors associated with metabolic syndrome, but reservations regarding the safety and standardization of weight-loss products continue to be an issue preventing botanicals from having a truly beneficial role in disease prevention.
Conclusion
Metabolic syndrome is of high priority among medical and research communities worldwide, as it comprises a cluster of risk factors requiring improved treatment and prevention strategies. Because the relevant risk factors for metabolic syndrome are biologically inter-related in terms of their effect on disease progression, it would be useful to develop treatment and prevention strategies that address multiple risk factors at once. As demonstrated by the botanicals described in this review, plant extracts often contain natural active components that act upon numerous biological targets, providing an opportunity to simultaneously correct multiple defects associated with metabolic syndrome, in contrast to single-target drugs. Increased understanding of the effects of botanical therapeutics may advance their progress in the treatment and prevention of various metabolic diseases, so that eventually they may become effective therapies for metabolic syndrome. Characterization of the active components within botanicals, combined with an understanding of their safety, efficacy and mechanisms of action, are required to enable standardization of therapeutic preparations. Once standardized preparations are generated, it will be important to conduct well-designed, controlled clinical trials to demonstrate the true potential of these preparations for disease treatment and prevention. Moreover, trials must be stratified to measure differences in disease severity, age, gender and genetic variation of sample populations in order to clearly evaluate botanicals for the categorical treatment of metabolic syndrome.
